Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) combined with steel rebars, subsequently called R-UHPFRC, is a promising building material implying a novel technology for the improvement of concrete structures. Steel rebars enhance effectively the resistance of UHPFRC while reducing variability in the tensile behaviour of monolithic UHPFRC due to variation in fibre distribution and orientation. When a thin layer of R-UHPFRC is overlaid on top of a concrete bridge deck slab, it is subjected to repeating wheel loads and fatigue limit state needs to be considered. This paper presents the results of tensile fatigue tests on R-UHPFRC elements for the determination of its fatigue behaviour. Experimental results show a fatigue endurance limit at 10 million cycles at a solicitation level of S = 0.54 for S being the ratio between the maximum fatigue force and the ultimate strength. Over the fatigue life of the specimens, stress was transferred from UHPFRC to steel rebars. Fatigue resistance of R-UHPFRC shows that it has a significant potential for fatigue strengthening of reinforced concrete structural elements like bridge deck slabs.
Introduction
Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is a cementitious composite material, generally consisting of cement, quartz sand, silica fume and fibres. It has eminent properties: relatively high compressive strength (P180 MPa) and tensile strength (P10 MPa), strain-hardening behaviour under tensile stress (given a certain volume of fibres) and very low permeability because of an optimised dense matrix. These properties make UHPFRC suitable for ''hardening'' those parts of structural members that are subjected to mechanically and environmentally severe actions. Since the tensile behaviour of UHPFRC depends on fibre orientation and distribution [1] , it is proposed that steel rebars are arranged in UHPFRC, subsequently called R-UHPFRC, to provide a significant increase in resistance and improvement of structural behaviour for UHPFRC. Also, variation in tensile behaviour of UHPFRC due to fibre orientation and distribution is reduced when steel rebars are added.
In recent years, the necessity to improve the load bearing capacity of bridges is growing due to the increase of traffic loads for more efficient transport of industrial products. Strengthening of concrete bridge deck slabs is often conducted by adding a layer of reinforced concrete (RC) on top of the slab. However, thickness of the RC layer sometimes becomes so large for fulfilling structural safety requirements that it is necessary to increase the load bearing capacities of other structural members to support the increased self-weight due to the massive additional RC layer. Application of relatively thin R-UHPFRC overlays instead of RC layer leads to no or only minor increase of self-weight since usually cover concrete of the existing elements needs to be removed. Besides, dense matrix of UHPFRC provides waterproofing properties which in addition allows efficient use of the UHPFRC technology [2] .
Although the static behaviour of R-UHPFRC has been investigated by some researchers ( [3] [4] [5] [6] ), few research results have been reported so far in the literature on the fatigue behaviour of R-UHPFRC. Four-point bending fatigue tests were conducted on beams made of Compact Reinforced Composite (CRC), an UHPFRC combined with high percentage of steel rebars (5-20%) [7] . After determining ultimate static strength of the beam to be 39.77 kN, three levels of maximum fatigue force, i.e. 42%, 70% and 86% of static yield strength (= 38 kN), were determined while minimum fatigue force was always 0 kN. Each combination of the fatigue force had one specimen. Specimens subjected to 70% and 86% of static yield strength failed at 403 790 and 52 430 cycles respectively, whereas the specimen subjected to 42% of static yield strength sustained 5 305 150 cycles and was regarded as reaching run-out. It is concluded that very few cracks were observed on the specimens until failure or end of the test and the matrix did not lose the ability to transfer fatigue force because applied maximum fatigue force remained constant in displacement controlled mode.
This literature review reveals that uniaxial tensile fatigue testing of R-UHPFRC has not been performed so far and knowledge of tensile fatigue behaviour of R-UHPFRC is scarce. There are several papers about the fatigue behaviour of UHPFRC ( [8] [9] [10] [11] [12] ) and steel rebar respectively ( [13] [14] [15] ). To some extent the fatigue behaviour of R-UHPFRC might be understood as a simple superposition of the fatigue behaviour of UHPFRC and steel rebar. However, since both UHPFRC and steel rebars carry tensile stress and stress distribution is supposed to occur between the two materials, it is necessary to investigate the fatigue behaviour of R-UHPFRC structural members.
The objectives of the present paper are to describe the tensile fatigue behaviour of R-UHPFRC and to investigate the effective function of steel rebars. Uniaxial tensile fatigue tests were chosen approximately reproducing the situation of an R-UHPFRC overlay on top of bridge deck slabs, including tensile fatigue stresses in the cantilever parts (Fig. 1) . Experimental tests are detailed and results are analysed.
Experimental campaign

Specimens, instrumentation and test set-up
The mix of UHPFRC is characterised by 3.0 vol.% content of 13 mm long steel fibres with a diameter of 0.16 mm and by the use of CEM III/B type cement which contains a high percentage of blast furnace slag (66-80%) ( Table 1) . Three prisms with a section of 40 mm Â 40 mm and a length of 160 mm were cast with the same UHPFRC as used for the fabrication of R-UHPFRC specimens, and tested 56 days after casting. Average compressive strength and modulus of elasticity were 217 MPa and 47 GPa respectively. Steel rebars arranged in the UHPFRC were of B500B grade with a nominal yielding strength of 500 MPa.
The specimen is 750 mm-long and 40 mm-thick with varying width ('dog-bone shaped' specimen) to force fracture to occur within the 250 mm-long tapered central part of the specimen. The width of the central and end parts of the specimen were 110 mm and 150 mm respectively, and there were 45 mm-long transitional zones between the central and end part (Fig. 2) .
The fabrication procedure of the specimen was as follows. First, three steel rebars of 8 mm diameter with a spacing of 40 mm were arranged in the wooden forms. Rectangle shaped specimens with 150 mm-width were cast and demoulded 7 days after casting, and then kept in the testing hall at constant climatic condition for more than 312 days. Aluminium plates (250 mm long, 150 mm wide and 2 mm thick) were then glued using epoxy resin to both surfaces of the specimen end parts as strengthening elements. By using a water jet cutter, the rectangle shaped specimens were cut into the dog-bone shape.
Two 250 mm-long Linear Variable Differential Transducers (LVDTs) and five displacement transducers with a 50 mm measurement length were used to measure the specimen deformation (Fig. 2 ). LVDTs were glued to both specimen sides such as to capture global specimen deformation. In the present paper the average of deformation as measured by the two LVDTs are always referred to as global deformation. The five displacement transducers were set up on the specimen surface to measure local specimen deformation in five consecutive zones. Force was measured by the load cell installed in the actuator of the 1000 kN servo-hydraulic testing machine.
Testing program
A single quasi-static tensile test was first performed to understand the behaviour of the R-UHPFRC under quasi-static tensile force using the same specimen as for the fatigue test.
Then, a fatigue test program was established with the objective to explore the fatigue endurance limit of R-UHPFRC. Fatigue force was determined with reference to stress range of steel rebars because the fatigue behaviour of R-UHPFRC was assumed to depend on the fatigue behaviour of steel rebars.
It was found in [16] that although the constant amplitude fatigue endurance limit of straight steel rebars at 2 million cycles was 170 MPa according to design codes, RC slab-like beams sustained more than 10 million fatigue cycles with stress range of about 230 MPa in steel rebars. In view of these findings, maximum fatigue force was chosen to cause stress range between 170 MPa and 230 MPa in steel rebars, while minimum fatigue force was always 10% of maximum fatigue force.
Testing procedure was as follows: first, the specimen was subjected to quasi-static tensile force until the average reading of the two LVDTs reached the target deformation (corresponding to strains between 1.0‰ and 1.5‰) and then unloaded. The force corresponding to the target deformation was adopted as maximum force level for the fatigue test. Because of the variation of elastic limit strength of UHPFRC (which is likely due to local variations of fibre distribution and orientation [1] ), deformation (instead of force) provides more reliable information on the tensile behaviour of R-UHPFRC. Consequently, fatigue tests were conducted under force control at constant amplitude in a servo-hydraulic machine at a frequency of 10 Hz.
Deformation and force data were recorded with a frequency of 200 Hz. The initial and final phases of the test were permanently recorded, while between these phases data was recorded for 1 s every 600 cycles.
When a specimen sustained 10 million cycles, this result was regarded as 'run-out', and the test subsequently was continued at an increased maximum tensile fatigue force. Fig. 1 . Bridge deck slab strengthened with R-UHPFRC layer. In the present paper, the fatigue endurance limit is defined as the force level below which no fatigue failure occurs up to 10 million cycles. With respect to bridge deck slabs, 10 million extreme force cycles are considered to be realistic to occur during the service life for heavily trafficked bridges. Also, limited available time for the experimental campaign imposed a maximum number of 10 million cycles which is usually considered as a lower bound of the very high cycle fatigue domain [17] .
Domain of predominant tensile fatigue action on R-UHPFRC
Results of experimental tests
Quasi-static tensile behaviour of R-UHPFRC
The tensile behaviour of R-UHPFRC is explained by analysing the force-global deformation curve obtained from a single quasistatic tensile test (Fig. 3 ). Letters in brackets (A-G) in the curve show characteristic points, by referring to which the tensile behaviour of R-UHPFRC is described: -The elastic domain (point (A-B)) is governed by the behaviour of UHPFRC until reaching the force corresponding to the elastic limit strength of UHPFRC F e (called 'elastic limit strength of R-UHPFRC' hereafter). Invisible microcracking in UHPFRC matrix starts at this force level.
-These microcracks are bridged and controlled by fibres. After UHPFRC enters into the strain-hardening domain beyond point (B), more microcracks develop in the UHPFRC volume. Although UHPFRC reduces its modulus of deformation (the ratio of stress to strain) considerably, there is no significant decrease of R-UHPFRC stiffness due to the steel rebars which are still in the elastic domain. High bond strength between UHPFRC and steel rebars enables the perfect composite behaviour of R-UHPFRC [6] . -Steel rebars start to yield at point (C). The domain between point (C) and (D) is the transition from elastic to plastic behaviour of steel rebars. When steel rebars become fully plastic at point (D), a discrete macrocrack forms in the weakest section of UHPFRC and R-UHPFRC enters into the softening domain. This macrocrack then becomes visible. -Steel rebars fracture one by one. Three steel rebars are arranged in the specimens, and the first, second and third fracture of steel rebars occurs at point (E), (F) and (G) respectively. Beyond (G), force is carried by UHPFRC and finally the specimen fractures completely in two parts at the end of UHPFRC softening.
The tensile behaviour of R-UHPFRC may be described by the linear superposition of the tensile behaviour of UHPFRC and steel rebars [6] . From this it follows that the ultimate strength of R-UHPFRC F u attained at point (D) (120.0 kN) is decomposed into two units of force carried by UHPFRC and steel rebars respectively, and considering nominal yield stress in steel rebars at point (D) being f sy = 500 MPa (B500B grade steel), the ultimate strength of UHPFRC r Uu as obtained from this test is calculated as:
where A s is the sectional area of three steel rebars; A U the sectional area of UHPFRC. Table 2 summarises the results of tensile fatigue tests on 12 R-UHPFRC specimens. A specimen was regarded as failed when the global deformation reading reached 2.5 mm, corresponding to strain of 10‰. Fig. 4 shows the S-N diagram with the results obtained in the present study. In order to eliminate variations in material composition, specimen size and test set-up, normalized force S is used for the axis of ordinate. The ratio of maximum fatigue force F max to the ultimate strength of each specimen F u,i was used as fatigue solicitation indicator S where F u,i was estimated based on the result of the single quasi-static tensile test of R-UHPFRC by using force-global deformation relation of each specimen obtained from quasistatic tensile preloading. Ultimate strength F u,i was estimated by assuming that all specimens have the same strain corresponding to the yield and ultimate points (point (C) and (D) respectively in Figs. 3 and 5a ). These strains were determined to be 2.23‰ and 4.58‰ respectively from the quasi-static tensile test (Fig. 5a ). In addition, slope a of a line connecting the yield and ultimate points in the forceglobal deformation relation of the quasi-static tensile test (Y-U line in Fig. 5a ) was used to estimate F u,i . In the following, the procedure to estimate the ultimate strength of each specimen is explained by using the preloading force-global deformation curve of Test 5 specimen as an example: -As can be seen in Figs. 3 and 5a , the force-global deformation relation between point (B) and (C) is almost proportional, which is assumed to be similar for all R-UHPFRC member subjected to quasi-static tensile force. By choosing two points corresponding to 0.8‰ and 1.0‰ strain (P1 and P2 respectively in Fig. 5b ) on the preloading force-global deformation curve, straight line L1 representing the slope of the proportional part is drawn (Fig. 5b) . The strain of 0.8‰ was chosen because it is about 30% of the reference yield strain 2.23‰ while the strain of 1.0‰ was chosen because preloading of two specimens was stopped when global deformation readings reached 1.0‰ of strain. -Then, the point corresponding to 2.23‰ strain on line L1 is estimated to be the yield point (P3 in Fig. 5b ). -A straight line L2 with slope of a passing through the yield point P3 is then drawn (Fig. 5b) . The force corresponding to 4.58‰ strain on line L2 is determined to be the ultimate strength (P4 in Fig. 5b ).
Results of tensile fatigue tests
In the proposed method to estimate the ultimate strength, the chosen yield and ultimate values were adopted as reference from a single quasi-static tensile test, which might be considered as a vague assumption. However, since these stress and strain values are similar to the average values determined from three formerly conducted quasi-static tensile tests [6] , the applied method is considered to provide reliable estimated ultimate strength values.
The results shown in Fig. 4 indicate a fatigue strength that may be expressed by a linear relation between S (=F max /F u,i ) and Log N. A straight line was determined by linear regression (without considering run-outs) with a correlation coefficient of À0.66:
S-value at 10 million cycles is calculated to be 0.54 from Eq. (2). S = 0.54 is also the average value of fatigue solicitation indicator S of the tests that reached run-out. In addition, no specimen failed due to tensile fatigue when the maximum fatigue force was smaller than 54% of the ultimate strength. Therefore, the fatigue endurance limit at 10 million cycles may be determined to be at S = 0.54 (indicated with a dotted line in Fig. 4) . Consequently, the fatigue endurance limit of R-UHPFRC may be conservatively considered to be 50% of the ultimate strength. Similar result, e.g. fatigue endurance limit at 50% of the ultimate strength, was obtained for RC members strengthened with R-UHPFRC (RU-RC member) [18] .
Fatigue resistance of R-UHPFRC as expressed by the maximum fatigue force level
The fatigue resistance of R-UHPFRC may be explained in terms of fatigue solicitation indicator S which is categorised into three domains as follows (Fig. 6): (1) S 6 0.23 Stress in UHPFRC and steel rebars is largely below the fatigue endurance limit of both materials.
The fatigue endurance limit of monolithic UHPFRC is about 70% of the elastic limit strength [19] and average ratio of the elastic limit strength to the ultimate strength of all R-UHPFRC specimens is calculated to be 0.33. Accordingly, S = 0.23 is obtained as 70% of the average ratio of the elastic limit strength to the ultimate strength of R-UHPFRC. At this force level, UHPFRC contributes more significantly to the fatigue resistance of the R-UHPFRC element than the steel rebars.
(2) 0.23 < S 6 0.54 Stress in the UHPFRC is beyond the fatigue endurance limit, and when S is larger than 0.33, which is the average ratio of the elastic limit strength to the ultimate strength of all R-UHPFRC specimens, the stress in UHPFRC is in the strain-hardening domain. Stress in steel rebars is still below the fatigue endurance limit.
Although monolithic UHPFRC subjected to fatigue stress at this level would fail, deformation localisation does not occur in the R-UHPFRC specimen because of the stress distribution from UHPFRC to steel rebars. Contribution of UHPFRC and steel rebars to the fatigue resistance of R-UHPFRC is similar. The global deformation grows in the early stage of the fatigue test only and remains constant in the subsequent stage. Stress in the UHPFRC is in the strain-hardening domain and stress in steel rebars is higher than the fatigue endurance limit.
The fatigue resistance of R-UHPFRC is essentially determined by the steel rebars and the UHPFRC functions merely as a stress reducing element for the steel rebars. The global deformation grows in the beginning of the fatigue solicitation, and then remains constant until one of the three steel rebars fractures. Deformation localisation in UHPFRC is always at the same location as the fatigue fracture of steel rebars.
Tensile fatigue behaviour of R-UHPFRC
Stress transfer from UHPFRC to steel rebars
It was shown in [20] that stress gradually transfers from UHPFRC to steel rebars in R-UHPFRC as the number of fatigue cycles increases. This is due to degradation of deformation modulus of UHPFRC. In order to verify this stress transfer, evolution of stress in the UHPFRC and steel rebars was investigated. As no direct deformation measurement on the steel rebars was performed, stress in steel rebars was calculated according to Eq. (3) using the modulus of elasticity and global deformation measurements obtained from LVDTs on the UFPFRC surface.
where r s is the stress in steel rebar; E s the modulus of elasticity of 
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LVDTs. Stress in UHPFRC r U was then obtained by subtracting the force carried by steel rebars from applied force F according to the following equation:
Fig . 7 shows S-N diagram for stress range in the steel rebars as calculated according to Eq. (3). Both the stress range at the first fatigue cycle and the largest stress range during a fatigue test are plotted. The initial fatigue test result was used to draw the S-N diagram in case that more than one fatigue test was conducted to a specimen.
The stress range in the steel rebars of all R-UHPFRC specimens became the largest before the number of fatigue cycles reached 5 Â 10
5
. Accordingly, it is understood that stress range in the steel rebars of R-UHPFRC gradually grew larger as the number of fatigue cycles increased. Considering equilibrium of internal and external forces in the R-UHPFRC specimen, stress transfer from UHPFRC to steel rebars may be inferred. Fig. 8 shows the evolution of stress range in UHPFRC and steel rebar during Test 8-i and 10 using Eqs. (3) and (4), describing stress transfer from UHPFRC to steel rebars in R-UHPFRC.
Fatigue strength expressed as a linear relation between Log Dr s and Log N was determined by linear regression (without considering run-outs) for data of stress range at the first cycle and the largest stress range in the rebars with correlation coefficients of À0.89 and À0.83 respectively (Fig. 7): Log Dr s ¼ À0:1Log N þ 2:86 ðstress range at the first cycleÞ ð5Þ
Log Dr s ¼ À0:1Log N þ 2:92 ðthe largest stress rangeÞ ð 6Þ
Comparing these fatigue strength equations, it is interpreted that the more fatigue stress cycles the R-UHPFRC specimen sustains, the smaller the stress transfer from UHPFRC to steel rebars. These findings support the fact that if the stress range in the steel rebars is small, R-UHPFRC specimen survives longer in the fatigue test because steel rebars determine the fatigue behaviour of R-UHPFRC except in the early stage of the fatigue test (as explained in Section 4.2).
Fatigue deformation behaviour
Tensile fatigue testing was conducted while imposing constant maximum and minimum forces and specimen deformation as a function of fatigue cycles was recorded. Similar deformation behaviour was observed from all R-UHPFRC specimens under tensile fatigue. The recorded global deformation of R-UHPFRC is discussed in terms of three regimes of characteristic behaviours using the example of the specimen behaviour of Test 5. of the steel rebars fractured (Fig. 9a) . This is attributed to stress transfer from UHPFRC to steel rebars.
In the early stage of the fatigue test, UHPFRC mainly carried fatigue stress and deformation behaviour of R-UHPFRC was strongly influenced by UHPFRC whose deformation was observed to grow under tensile fatigue [19] . This is why global deformation of R-UHPFRC increased in the early stage of the fatigue test. Then, fatigue stress gradually transferred to the steel rebars and steel rebars became main fatigue stress carrying element in R-UHPFRC. Consequently, deformation behaviour of R-UHPFRC was predominantly influenced by steel rebars and since steel rebars do not show any deformation growth under tensile fatigue, global deformation of the R-UHPFRC specimen was rather constant.
(
1) Variations in local deformation
Variations in local deformations of R-UHPFRC were measured by G1 to G5 transducers (Fig. 9b) . This may again be explained by stress transfer from UHPFRC to steel rebars.
As explained in the preceding paragraph, UHPFRC controlled the behaviour of R-UHPFRC in the early stage of the fatigue test. Under tensile fatigue stress, local deformation of UHPFRC varied which is explained by variation of material properties of UHPFRC in the hardening domain [19] (Fig. 10) . This UHPFRC behaviour led to variations in local deformation of R-UHPFRC in the early stage of the fatigue test. After the main fatigue stress carrying component of R-UHPFRC transferred from UHPFRC to steel rebars, these variations in local deformation persisted because deformations induced in the UHPFRC at the early stage of the fatigue test remained constant.
(3) Conservation of force bearing capacity of UHPFRC Although applied fatigue force is beyond the elastic limit strength of UHPFRC, local deformation measurements indicate that deformation did not localise in the UHPFRC. Besides, modulus of deformation of the UHPFRC part was calculated to be around 10 GPa in average for all run-out specimens using the following equation:
where D U,fat,i is modulus of deformation of the UHPFRC part at i-th cycle; r U,max(min),i maximum (minimum) fatigue stress in the UHPFRC part at i-th cycle calculated using Eq. (4); e max(min),i global maximum (minimum) fatigue strain of R-UHPFRC at i-th cycle. From this it follows that when combined with steel rebars, UHPFRC keeps its fatigue force bearing capacity although it is subjected to stress within the strain-hardening domain in the fatigue test.
Fracture mechanism of R-UHPFRC under tensile fatigue
By analysing fatigue fracture surfaces of R-UHPFRC specimens by visual observation, fracture mechanism of R-UHPFRC under tensile fatigue may be identified. In the following, fatigue fracture surfaces of UHPFRC and steel rebar are separately discussed.
Matrix spalling and pulverisation, smooth fracture surface area and rust-coloured powdery products are three distinct features observed on the fatigue fracture surface of the UHPFRC. These phenomena were already observed on the fatigue fracture surfaces of The first fracture (with the largest smooth fracture surface)
The second fracture The third fracture (with the largest rough fracture surface and reduced fracture surface area)
: smooth fracture surface : rough fracture surface Fig. 11 . Fatigue fracture surface of specimen of Test 5 and chronological order of fracture of the three steel rebars based on the characteristics of the fracture surfaces.
T. Makita, E. Brühwiler / International Journal of Fatigue xxx (2013) xxx-xxxmonolithic UHPFRC specimen subjected to tensile fatigue stress in a previous study by the authors [19] . Fracture surface of steel rebar clearly indicated two distinct types of fracture surfaces, i.e., smooth and rough fracture surfaces. Smooth fracture surface indicates the well-known stable fatigue crack growth in steel. Rough fracture surface is brought about by rapid final fracture of the steel rebar when the applied fatigue stress reaches the ultimate resistance of the fatigue cracked rebar.
The characteristics of the fracture surfaces depict the chronological order of failure of the three steel rebars. The first fractured steel rebar is the one with the largest smooth fracture surface (Fig. 11) . This is because fatigue stress imposed on each steel rebar was relatively small when all three rebars carried stress and fatigue crack grew slowly making fracture surface smooth. The steel rebar with the largest rough fracture surface is the one that fractured last under relatively high applied stress concentrating on the final rebar (Fig. 11) . In addition, the last fractured steel rebar is also identified by a reduced fracture surface area due to necking (Fig. 11) .
It is noted that deformation readings did not change even when fatigue crack growth occurred in steel rebars. Change in deformation readings was recorded only when one of the three steel rebars fractured.
Conclusions
The following conclusions can be drawn regarding the tensile fatigue behaviour of R-UHPFRC as obtained from uniaxial constant amplitude tensile fatigue tests:
(1) A constant amplitude fatigue endurance limit at 10 million cycles was determined to be at a solicitation level of S = 0.54 for S being the ratio between the maximum fatigue force and the ultimate strength of the R-UHPFRC specimen. Considering that at this force level, UHPFRC behaviour is in the strain-hardening domain, the steel rebars improve actually the fatigue force bearing capacity of UHPFRC by distributing the applied fatigue stress. (2) The respective contribution of UHPFRC and steel rebars to the fatigue resistance of R-UHPFRC depends on the maximum fatigue force level and the stage of the fatigue test. Stress distribution and transfer between UHPFRC and steel rebars enhances the fatigue capacity of both material components. (3) Fatigue deformation behaviour of R-UHPFRC depends on the stage of the fatigue test. In the early stage of the fatigue test, UHPFRC mainly determines the fatigue behaviour of R-UHPFRC. In the middle and final stages of the fatigue test, steel rebars predominantly determine the fatigue behaviour of R-UHPFRC. (4) Examination of the fatigue fracture surfaces of steel rebars revealed typical fatigue crack growth and final fracture surface. The chronological order of the fatigue failure of the three steel rebars was identified from the characteristics of the fracture surfaces.
